Abstract We report the details of two unexpected cases of doxorubicin (DOX)-induced cardiac toxicity in two sisters receiving adjuvant breast cancer therapy. One at age 38 developed a cardiomyopathy resulting in cardiac transplantation 6.5 years after receiving a relatively low total dose of DOX, i.e., 280 mg/m 2 . The second at age 60 also developed a severe cardiomyopathy (i.e., a ventricular ejection fraction of 22%) 6 years after receiving a total dose of DOX of only 158 mg/m 2 . Twelve single nucleotide polymorphisms previously associated with doxorubicin cardiotoxicity were assessed by pyrosequencing. None of the genotypes associated with an increased risk of doxorubicin-induced cardiotoxicity were identified in these two patients.
Introduction
The anthracycline anti-cancer agent doxorubicin (DOX) has long been recognized to induce a dose-limiting cardiotoxicity. The average incidence of 5.1% at 400 mg/m 2 increases above 500 mg/m 2 , although with substantial individual variations [1] . Many studies support the theory that mitochondria are the primary target of doxorubicin-induced oxidative stress both acutely and long term [2] . Anthracycline cardiotoxicity (ACT) may be acute or chronic. Acute ACT occurs during treatment, often immediately after the first dose, and manifests itself predominantly in the form of arrhythmias; rarely pericarditis, myocarditis and acute left ventricular failure are observed. Chronic ACT presents within 1 year after anthracycline administration as congestive heart failure. In addition, recent studies postulate a distinct late-onset cardiotoxicity, which develops after years or even decades of asymptomatic survival [3] .
Transgenic mouse models have demonstrated a genetic etiology in the development of chronic ACT [3] . The overexpression of the multiple drug-resistant gene, MDR1, protects the heart from the toxic effect of doxorubicin [4] . In humans, the presence of a genetic component is suggested by the wide variation and individual sensitivities to anthracyclines [5] . In the context of investigating NAD(P)H oxidase and multidrug resistance protein genetic polymorphisms in association with doxorubicin-induced cardiotoxicity (with data derived from a multi-center phase II trial), Wojnowski et al. [3] concluded that ''genetic variants in doxorubicin transport and free radical metabolism may modulate individual risk to develop ACT.'' In this regard, it was concluded that the molecular basis of adriamycin (AQ)-dependent development of cardiotoxicity is still far from being clear [6] .
Relative to this background, we report two unexpected cases (on the basis of low DOX exposure) of severe presumed doxorubicin (DOX)-induced cardiac toxicity in two sisters receiving adjuvant breast cancer therapy. Included in the report is an analysis of 12 single nucleotide polymorphisms (SNPs) previously reported to have an association with doxorubicin cardiotoxicity. breast. The tumor was 2.3 9 1.5 cm, ER/PR positive, HER-2 negative, poorly differentiated Bloom-Richardson grade 3 and extending to the margins. She had 4/20 nodes positive. She underwent a lumpectomy with axillary lymph node dissection followed by chemotherapy and then radiation therapy to the left breast and axilla. She received chemotherapy on the ECOG C9344 protocol and was randomized to receive DOX with cyclophosphamide followed by paclitaxel, which was completed on 30 January 1996. Her total dose of was DOX 288 mg/m 2 . She was maintained on adjuvant tamoxifen therapy for approximately 5 years. In July 2002 she developed congestive heart failure and was found to have a dilated cardiomyopathy and ejection fraction of 10-15%, and severe diastolic dysfunction. She had an automatic implantable cardioverter defibrillator (AICD) placed on 3 September 2002 for non-sustained ventricular tachycardia. The patient underwent an orthotopic heart transplant 8 January 2003. Prior to her breast cancer diagnosis, she had no cardiac history. She did not have a baseline echocardiogram prior to starting chemotherapy on 6 September 1995, but she had a 12-lead electrocardiogram, which was normal. The pathology report showed no radiation effect as well as ''myocardium with focal patchy interstitial fibrosis consistent with cardiomyopathy.'' Sister no. 2 was diagnosed at age 44 years (19 March 1999) with a left breast ER negative, PR 3? positive and HER-2 negative, poorly differentiated, grade 3, 1.2 9 1.1-cm infiltrating ductal carcinoma with an intraductal cribriform component and all ten lymph nodes negative. She underwent a left segmental mastectomy and axillary lymph node dissection followed by chemotherapy with DOX and cyclophosphamide for two of four cycles followed by left breast irradiation. She was then given adjuvant tamoxifen. Chemotherapy was recommended in view of her high-risk features. The patient had diabetes insipidus secondary to a resected schwannoma and noted an increase in her DDAVP requirements while on chemotherapy; therefore, she discontinued the chemotherapy after two cycles. 
Case reports

Sample collection
Ten milliliters of whole blood was collected from each patient on a return clinical visit after hospitalization. The samples were collected in DNA Paxgene tubes and shipped at ambient temperature to the reference laboratory for further processing.
Extraction of genomic DNA The genomic DNA was extracted from the patients' whole blood using the PAXgene DNA extraction kit as per the manufacturer's recommendations and quantified using a NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) with yields of 133.4 and 173.5 ng/ll for sister no. 1 and sister no. 2, respectively. The purified genomic DNA was stored at 4°C for pending analysis.
The genomic analysis SNPs were evaluated for both patients in the following genes-ABCB1 (rs1045642, rs1128503 and rs2032582) [7] , NADPH oxidase (rs4673, rs1883112 and rs13058338), CBR1 (rs1143663 and rs41557318) and CBR3 (rs1056892 and rs2835285). PCR was used to amplify the regions of the genomic DNA containing the selected SNPs in the patient and control samples (genomic DNA from wild-type A549 lung cancer cells). The final PCR reaction mixture contained forward and reverse primers (10-25 pmol each; one of the primers is biotinylated at the 5 0 end), template DNA (250 ng), 19 PCR master mix (Promega, Madison Wisconsin, WI, USA) and nuclease-free water to a final volume of 25 ll. The primers (sequences available upon request) were designed using the Pyromark Assay Design 2.0 software (Qiagen, Valencia, CA, USA) and synthesized by Integrated DNA Technologies (Coralville, IA, USA) with either the forward or the reverse primer biotinylated at the 5 0 end. The PCR was performed in an MJ Research PTC-100 or PTC-200 (Waltham) thermocycler with the following settings -95°C for 5 min, 50-55 cycles of 95°C for 30 s, 52-59°C for 30 s and 72°C for 30 s, followed by 72°C for 5 min with storage at 4°C post cycle. To confirm proper amplicon length, 5 ll of each PCR product was subjected to electrophoresis on a 2% agarose gel containing 0.4 lg/ml of ethidium bromide and compared with a pGEM DNA ladder (Promega). Pyrosequencing analysis was performed to detect the presence or absence of SNPs. Briefly, the biotinylated PCR product was immobilized on streptavidin-coated Sepharose beads (GE Healthcare, Piscataway, NJ, USA) and washed with 70% ethanol, 10 mM NaOH and 200 mM Tris-acetate, pH 7.6, resulting in single-stranded DNA bound to Sepharose beads. The beads were captured onto probes by vacuum and released into respective sample wells containing the specific sequence primer. The single-stranded DNA was annealed to the sequence primer by heating and cooling, and subsequently analyzed using PyroGold reagents (Qiagen, Valencia, CA, USA) on a PSQ96 MD pyrosequencer (Qiagen).
Genotyping analysis for identifying selected SNPs
On the basis of a review of the literature, several candidate SNPs were selected for analysis as a result of their respective roles in either the pharmacokinetics, clinical response or cardiotoxicity induced by doxorubicin therapy [2, 3, [8] [9] [10] [11] [12] [13] . The SNPs are located in specific genes that encode for the following proteins: ATP-binding cassette sub-family B member 1 (ABCB1 or MDR1), NADPH Oxidase and Carbonyl Reductases 1 and 3 (CBR1 and CBR3). A summary of the results of the selected SNPs are outlined in Table 1 . Of the 12 SNPs assessed, neither patient had any genotype previously associated with doxorubicin cardiotoxicity.
Discussion
This case report evaluated two potential mechanisms of doxorubicin cardiotoxicity, i.e., the generation of reactive oxygen species (ROS) and transmembrane anthracycline transport. The two-electron reduction by enzymes such as aldo-keto reductases and carbonyl reductases, and the generation of ROS are thought to cause of ACT. Thus, SNPs in NADPH oxidase and carbonyl reductases 1 and 3 that are associated with ACT in other reports were evaluated [3] . Additionally, SNPs in ABCB1, one of the major transporters of doxorubicin, were also evaluated. However, neither subject had a genotype previously reported to be associated with ACT.
One explanation for the lack of association between these patient's genotypes and ACT is that other known or unknown genotypes are responsible for the observed ACT. While we did not evaluate every polymorphism potentially associated with ACT toxicity, we did assess C242T (His72Tyr, rs4673) and the NCF4 variant rs1883112, which are two of the best studied of the known polymorphisms. The NCF4 gene encodes the p40phox subunit of the NAD(P)H oxidase, which is responsible for the downregulation of the enzyme and the CYBA gene codes for p22phox gene. Individuals with the CYBA T allele have less enzyme activity. A large retrospective series including 1,697 subjects with NHL receiving doxorubicin and 109 developing ACT found these two SNPs to be associated with both acute and chronic ACT (3) .
An additional explanation in unknown genetic polymorphisms may be responsible. When comparing these cases to the literature, some important differences emerge. First, the doxorubicin dose received by our subjects was 158-288 mg/m 2 , which is lower than that commonly associated with ACT, where 500 mg/m 2 is associated with an approximately 6% incidence of ACT (3). Second, both subjects had worse cardiotoxicity than expected with ejection fractions of 10-15 and 22% compared to the usual definition of a 50% reduction in ejection fraction, and finally, despite receiving lower than usual doses of doxorubicin, both subjects are long-term survivors of breast cancer. Taken together, these clinical features and the lack of association with the best studied SNPs associated with ACT suggests a different etiology of ACT in these patients and potentially unknown genetic factors. In summary, we report two cases of severe doxorubicininduced cardiotoxicity in two sisters. The etiology of the ACT is unknown, but appears unlikely to be related to generation of ROS and transmembrane anthracycline transport. Finally, the authors believe that this case report highlights the potential utility of inquiring into unusual toxic consequences of chemotherapy in family members when interviewing new perspective oncology patients.
